Abstract Fopius arisanus (Sonan) (Hymenoptera: Braconidae) is an important fruit fly parasitoid, successfully introduced in programs of classical biological control around the world. One aspect of its reproductive biology that has received increasing attention is the role of learning on parasitization by individual females. In this study, we examined the effect of previous oviposition opportunities on the reproductive success and progeny sex ratio of F. arisanus on eggs of Bactrocera dorsalis Hendel (Diptera: Tephritidae). Our results indicate that the proportion of eggs parasitized and parasitoid yield both increase with increasing experience, as acquired by individual females via previous oviposition opportunities. These effects are shown to be unrelated to parasitoid age out to three weeks, which we found not to have an effect on parasitization, yield, or sex ratio. We discuss the implications of our results on mass rearing and also in terms of the efficiency of this biological control agent in the field.
Introduction
The opiine solitary koinobiont egg-larval parasitoid Fopius arisanus (Sonan) is an important biological control agent against tephritid fruit flies, particularly Bactrocera dorsalis (Hendel) and Ceratitis capitata (Wiedemann), though it is also known to attack Bactrocera latifrons (Hendel) and Bactrocera cucurbitae (Coquillett) (Bokonon-Ganta et al. 2007; Harris et al. 2010) . F. arisanus is thought to be a highly efficient parasitoid (Clausen et al. 1965; Rousse et al. 2005; Vargas et al. 2012b) , with parasitism levels exceeding 50% in the field in some instances (Vargas et al. 1993; Purcell 1998; Vargas et al. 2012a ). Due to successful introductions and establishments, initially in Hawaii and more recently in French Polynesia, this braconid wasp has been introduced to ten Pacific island-nations, La Reunion Island, Australia, Israel, Mexico, Senegal and Costa Rica (Vargas et al. 2007; Mohamed et al. 2010; Vargas et al. 2012a ). Indeed, F. arisanus has been found to displace other parasitoid species in Hawaii, where it was one of 32 natural enemies introduced from 1947 to 1953 (Bess et al. 1961; Vargas et al. 2012a) .
Extending the use of F. arisanus as a biological control agent has been helped by the development of mass rearing techniques on artificial diet for this species (Bautista et al. 1999; Manoukis et al. 2011) , as it was historically found to be difficult to rear this species in colony (Chong 1962; Snowball et al. 1962; Ramadan et al. 1992 Ramadan et al. , 1994 . Mass rearing allows augmentative release programs, increasing the probability of parasitoid establishment. Critical reproductive and behavioral parameters had to be measured for colony maintenance and mass rearing to be feasible and then improved, including the adaptability of differing strains to laboratory conditions (Harris and Okamoto 1991) , the age of peak oviposition (Ramadan et al. 1994; Wang and Messing 2003) and effect of female age on offspring sex ratio (Bautista et al. 1998) .
Beyond these fundamental studies, aimed at enabling mass rearing, an aspect of the reproductive biology in fruit fly hymenopterous wasps that has recently received increased attention is the role of learning (Giunti et al. 2015) . Visual cues have been shown to be essential to learned host-seeking behavior in Psyttalia concolor (Szépligeti) (Hymenoptera: Braconidae) and Diachasmimorpha longicaudata (Ashmead) (Hymenoptera: Braconidae) (Segura et al. 2007 ). For F. arisanus, there has been some research on learning via association of visual and olfactory cues indicating that these might play a role in host finding (Dukas and Duan 2000; Rousse et al. 2007 ). In addition to finding fruit with suitable host eggs or larvae, learning has been argued to be adaptive in this species to help individual females to avoid superparasitization (Wang and Messing 2008) .
In this study we examine the role of oviposition experience on parasitization rates, parasitoid yield and sex ratio, reflecting overall parasitization efficiency by F. arisanus. Our results indicate that there is a significant increase in the parasitization efficiency of female F. arisanus with oviposition experience, and that this is independent of female age, at least out to three weeks. In addition, our results have implications for the optimization of mass rearing operations of F.
arisanus as well as for the effectiveness of this parasitoid in the field.
Materials and methods

Insects
All insects used in this research were from the research colonies maintained at the USDA-ARS Daniel K. Inouye US Pacific Basin Agricultural Research Center (DKI-PBARC) in Hilo, Hawaii Island, USA. Bactrocera dorsalis have been maintained according to Vargas (1989) and Spencer and Fujita (1997) , originally started from fruit collections conducted in Puna, Hawaii Island, in 1984 and periodically refreshed with wild insects from the same area. B. dorsalis are maintained on a modified version of the artificial diet described by Tanaka et al. (1969) .
Fopius arisanus used in this study have been maintained using standard methodology (Bautista et al. 1999; Manoukis et al. 2011 ). This colony was initiated around 1995, and is maintained in small cages (0.25 9 0.25 9 0.25 m) at a density of about 1000 adults per cage. All rearing and experimentation was conducted at DKI-PBARC under standard conditions (temperature = 27 ± 1°C; RH = 80 ± 10%; photoperiod = 12:12 L:D).
Experiment 1: Effect of experience on oviposition by female F. arisanus This experiment included two parts: preparation (exposure to eggs) and the assay. During the preparation phase, four groups of 100 F. arisanus females, putatively mated and aged three days, were maintained in standard 25 cm cubical cages following Manoukis et al. (2011) . Each of the four groups was subjected to one of four treatments: T1-no previous oviposition experience (naïve); T2-one previous oviposition opportunity (at age three days); T3-three previous oviposition opportunities (at ages three, five and seven days); T4-five previous oviposition opportunities (daily between ages three and seven days). All preparation treatments occurred between the third and seventh day of life for the females. Oviposition opportunities consisted of making available an agar plate with 4000 B. dorsalis eggs to each group of 100 females for 22 h, between 10h00 and 8h00. All eggs from these oviposition opportunities were discarded.
When all F. arisanus in a replicate were ten days old, the week following the preparation phase, we conducted parasitization efficiency assays. For this, 50 randomly selected females from each treatment were placed in groups of ten in small plastic screened containers (400 ml volume). 200 2-h old B. dorsalis eggs on a 4 cm diameter piece of damp paper, placed on a small agar plate (6 cm diameter 9 0.5 cm height), were introduced to the small cages for 22 h from 10h00 to 8h00 (20 eggs per female F. arisanus). As a control, two groups of 100 eggs, unexposed to the parasitoid, were held under the same conditions to check fruit fly emergence rates.
After exposure during the assay, 50 eggs from each container were dissected to measure percent parasitized (fruit fly eggs with one parasitoid egg) and superparasitized eggs (fruit fly eggs containing more than one parasitoid egg). The remaining 150 eggs per container were transferred to larval diet and checked 24 h later for eclosion, then held under standard conditions (Manoukis et al. 2011) . Puparia produced from the batches of 150 eggs were held by batch in 250 ml screened plastic containers and checked regularly for four weeks to determine the number of male and female F. arisanus and B. dorsalis emerged from puparia and the number of unemerged specimens. For fruit flies we considered unemerged those individuals that completed metamorphosis but did not come out of puparia. For parasitoids, were considered as unemerged those with complete metamorphosis but still in puparia and parasitoids in immature stages (larvae and pupae). This experiment was repeated four times between April and May 2015.
Experiment 2: Effect of F. arisanus age on reproduction
In experiment 2 we used female F. arisanus of three different ages: one, two or three weeks old. All females were held with males (about 100 each in 25 cm cubical cages), and so had opportunities to mate, but they were not presented with fruit fly eggs, so none had oviposition experience. As in experiment 1, we randomly selected ten females and placed them in 400 ml plastic screened containers, five containers per age per treatment. Once in the small containers, females were offered 200 B. dorsalis eggs for 22 h as in experiment 1. This experiment was repeated four times in June 2015.
Statistical analysis
For experiment 1, the response variables were percent parasitism and superparasitism, hatching rate, proportion emergence and sex ratio (percent females). These were checked for normality via Shapiro-Wilk test, and for heteroscedasticity via Hartley's test. Residual dispersion was checked visually. Following these tests, the response variable superparasitism was transformed via arcsine of the square root. For comparisons between treatments we used an analysis of variance (ANOVA). When significant differences were found, averages were compared via Tukey's range test. For the comparisons of sex ratios we used the non-parametric Friedman's test, because the assumptions of the ANOVA were not met. Throughout, we used a B 0.05 to determine statistical significance.
For the results from experiment 2, again we checked response variables for normality, heteroscedasticity and residual independence. Following these tests, the response variable sex ratio was transformed via Box-Cox transformation. For comparisons between treatments we used an ANOVA. All post-hoc comparisons were again conducted via Tukey's test. All analyses were conducted in R version 3.1.3 (R Development Core Team 2015).
Results
Experiment 1
There was a significant difference in the proportion of parasitized (F 3,9 = 8.10; p = 0.0063) and superparasitized (F 3,9 = 8.73; p = 0.0049) B. dorsalis eggs by F. arisanus of differing experience (0-5 previous exposures to eggs). Female F. arisanus with 3-5 previous oviposition opportunities had the highest rates of both parasitism and superparasitism (Fig. 1 ) compared with those with one or no previous opportunities. We found no significant difference in the hatching rates between the treatments and control ( Fig. 1; F 4 ,12 = 0.90; p = 0.4915).
Previous oviposition opportunities significantly affected the proportion of parasitoids that emerged Effect of Fopius arisanus oviposition experience on parasitization… 597 from the assay (F 3,9 = 7.65; p = 0.0075). Specifically, we found that females with three oviposition opportunities produced the most parasitoids in the assay, around 80%, which was significantly higher than females that had no previous oviposition experience (Fig. 2) . However, we did not observe a significant difference in the percentage of unemerged parasitoids between the treatments (F 3,9 = 2.63; p = 0.1140). We also observed no significant difference in sex ratio between treatments with varying previous oviposition experience ( Fig. 2 ; v 2 = 0.07; df = 3; p = 0.9944).
Experiment 2 Table 1 shows that the percent parasitism by naïve F. arisanus varied between 22.2 and 36.0%, but this variation was not statistically significant (F 2,6 = 1.56; p = 0.2830). We observed no effect of parasitoid age on superparasitism (F 2,6 = 4.49; p = 0.0642) or proportion of eggs hatched (F 3,9 = 0.51; p = 0.6801). We found no significant effect of female parasitoid age on proportion of parasitoids produced (Table 2 ; F 2,6 = 2.71; p = 0.1447), unemerged parasitoids observed (F 2,6 = 2.44; p = 0.1672), or sex ratio of the resulting parasitoids (F 2,6 = 0.12; p = 0.8855).
Discussion
Our data show a clear effect of previous oviposition experience on parasitization efficiency. Female F. arisanus with 3-5 previous oviposition opportunities during the first week post-eclosion parasitized host eggs at about double the rate of females of the same age but without previous experience (Fig. 1) . Consequently, more offspring were produced by females with previous oviposition experience. A mechanism that might account for our observation was suggested by Wang and Messing (2003) , who found that exposure to host eggs and the act of oviposition stimulates egg development in the female parasitoid, and retards resorbtion of eggs already produced.
Under mass rearing conditions, F. arisanus are generally allowed to oviposit starting one week after eclosion, through the third week (Manoukis et al. 2011) . Our results in the present study suggest that an oviposition opportunity during the first week could increase the parasitization rate after the first week, increasing the yield of parasitoids under mass rearing. The yield could be increased both by the additional oviposition and by increased emergence in production during weeks 2 and 3. Our results are in agreement Fig. 1 Parasitism, superparasitism and hatch (average ± SE) of B. dorsalis eggs exposed to females of F. arisanus of the same age, but with different oviposition experience levels. Treatments: 1 naïve, 2 one oviposition experience on the third day of life, 3 three oviposition experiences, third, fifth and seventh day of life, 4 five oviposition experiences (daily from the third to the seventh day of life). Bars with the same color followed by a same letter are not statistically different. ANOVA followed by Tukey's HSD test (a = 0.05) Fig. 2 Percentage of emerged and unemerged parasitoids, and sex ratio (average ± SE) of offspring population produced by females of F. arisanus of the same age, but with different oviposition experience levels. Treatments: 1 naïve, 2 one oviposition experience on the third day of life, 3 three oviposition experiences, third, fifth and seventh day of life, 4 five oviposition experiences (daily from the third to the seventh day of life). Bars with the same color followed by a same letter are not statistically different. Emerged and unemerged parasitoids-ANOVA followed by Tukey's HSD test (a = 0.05). Sex ratio-Friedman test (a = 0.05) with those obtained by Dukas and Duan (2000) , who verified that the learning process was beneficial to the fitness of F. arisanus. It is important to point out that the results were similar even though there were methodological differences between the studies, for example, the use of groups of insects and the longer evaluation period (three weeks) in our study.
Rates of superparasitism increased with increasing parasitism and experience. Superparasitism is more common under mass rearing conditions compared with in the wild, where such events are maladaptive (van Alphen and Visser 1990; González et al. 2007; Montoya et al. 2012) . Previous research by Wang and Messing (2008) suggested a decrease in superparasitism with increasing egg-laying experience in F. arisanus. The same trend was observed in P. concolor by Benelli et al. (2013) . Those studies tracked single females, however, while we used small groups of parasitoid females. Two possible reasons for our results are (1) an elevated mature egg load in the females who have had multiple recent oviposition opportunities, stimulating high production, and (2) intra-specific competition for host eggs (Fletcher et al. 1994; Yamada and Miyamoto 1998) . Montoya et al. (2000) , studying mass reared D. longicaudata, found an inverse relationship between superparasitism and parasitoid emergence. We did not find a significant relationship between these variables in F. arisanus, but note a trend of increasing unemerged parasitoids in treatments with higher rates of superparasitism, namely from females with three or five previous oviposition experiences (Figs. 1, 2) .
The optimal host egg:parasitoid ratio for F. arisanus is considered to be 20:1 (Bautista et al. 1998) . Our results suggest that the optimal ratio might vary depending on the experience of the parasitoids in question. Experience might be usefully considered in mass rearing by increasing the number of host eggs per female parasitoid for cohorts that have oviposited before. This might reduce superparasitism and increase yield.
Insects can adjust their foraging and oviposition behavior in response to egg load. Females with high mature egg loads might spend more time host seeking and less time per oviposition event (Minkenberg et al. 1992) . If this general case also applies to F. arisanus, and considering that additional oviposition opportunities could increase the egg load, females with Values followed by a same letter in the column are not statistically different. ANOVA followed by Tukey's HSD test (a = 0.05)
NA not applicable additional oviposition opportunities before release might be better at getting established in the field through increased efficiency. Translation of our findings to field efficiency of released parasitoids is complicated by several factors that can more significantly impact establishment, especially around hostfindings. The density of fruit and host eggs, for example, together with the flight ability of female parasitoids might all be more important than previous oviposition experience (Dukas and Duan 2000) . An example of other factors strongly affecting parasitoid population outcomes is given by Canale and Benelli (2012) who, studying P. concolor found that females with experience with differing hosts (C. capitata and Bactrocera oleae (Rossi)) developed preferences based on the host plus substrate complex, but not the host larva alone.
Our results indicate that rates of parasitism and superparasitism were not affected by the chronological age of the female F. arisanus, at least not out to three weeks of age (Table 1 ). In addition, the proportion of emerged parasitoids were similar across ages (Table 2 ). This result seems to run counter to a previous study suggesting peak reproductive output at around six days post-eclosion (Ramadan et al. 1992 ). However, this and related studies often test the same parasitoids daily to measure realized daily fecundity, which means that the females are being exposed to eggs continuously, equivalent to experience.
We did not find an effect of female age on egg hatching rate (Table 1) or parasitoid offspring sex ratio (Table 2) . This is at odds with previous results indicating a decrease in the proportion of female parasitoid offspring with increasing age (Bautista et al. 1998) . As in the case of reproductive output mentioned above, those authors also exposed cohorts of F. arisanus to host eggs daily, confounding the effects of chronological age and previous oviposition opportunities (experience). In addition, Bautista et al. (1998) tested the effect of age over a larger range of five weeks, compared with three weeks in the current study. Our results show that offering more ovipositional opportunities (experiences) to F. arisanus increases their ovipositional efficiency, meaning that more parasitoids result. However, application of these results in mass rearing should be undertaken carefully, as we also observed increases in superparasitism with increasing parasitoid experience, possibly due to the limiting number of hosts available.
